A comprehensive model is formulated to predict the flow behavior for upward two-phase flow. This model is composed of a model for flow-pattern prediction and a set of independent mechanistic models for predicting such flow characteristics as holdup and pressure drop in bubble, slug, and annular flow. The comprehensive model is evaluated by using a well data bank made up of 1,712 well cases covering a wide variety of field data. Model performance is also compared with six commonly used empirical correlations and the Hasan-Kabir mechanistic model. Overall model performance is in good agreement with the data. In comparison with other methods, the comprehensive model performed the best.
Introduction
Two-phase flow is commonly encountered in the petroleum, chemical, and nuclear industries. This frequent occurrence presents the challenge of understanding, analyzing, and designing two-phase systems.
Because of the complex nature of two-phase flow, the problem was first approached through empirical methods. The trend has shifted recently to the modeling approach. The fundamental postulate of the modeling approach is the existence of flow patterns or flow configurations. Various theories have been developed to predict flow patterns. Separate models were developed for each flow pattern to predict flow characteristics like holdup and pressure drop. By considering basic fluid mechanics, the resulting models can be applied with more confidence to flow conditions other than those used for their development. .
Only Ozon et at. l and Hasan and Kabir2 published studies on comprehensive mechanistic modeling of two-phase flow in vertical pipes. More work is needed to develop models that describe the physical phenomena more rigorously. The purpose of this study is to formulate a detailed comprehensive mechanistic model for upward two-phase flow. The comprehensive model first predicts the existing flow pattern and then calculates the flow variables by taking into account the actual mechanisms of the predicted flow pattern. The model is evaluated against a wide range of experimental and field data available in the updated Tulsa U. Fluid Flow Projects (TUFFP) well data bank. The performance of the model is also compared with six empirical correlations and one mechanistic model used in the field.
Flow-Pattern Prediction
Taitel et al. 3 presented the basic work on mechanistic modeling of flow-pattern transitions for upward two-phase flow. They identified four distinct flow patterns (bubble, slug, chum, and annular flow) and formulated and evaluated the transition boundaries among them (Fig. 1) . Barnea et al. 4 1ater modified the transitions to extend the applicability of the model to inclined flows. Barnea 5 then combined flow-pattern prediction models applicable to different inclination angle ranges into one unified model. Based on these different works, flow pattern can be predicted by defining transition boundaries among bubble, slug, and annular flows.
Bubble/Slug Transition. Taitel et al. 3 gave the minimum diameter at which bubble flow occurs as For pipes larger than this, the basic transition mechanism for bubble to slug flow is coalescence of small gas bubbles into large Taylor bubbles. This was found experimentally to occur at a void fraction where Vs is the slip or bubble-rise velocity given by6 y.
This is shown as Transition A in Fig. 2 .
Dispersed Bubble Transition. At high liquid rates, turbulent forces break large gas bubbles down into small ones, even at void fractions exceeding 0.2S. This yields the transition to dispersed bubble flow 5 :
VSg vSL (4) This is shown as Transition B in Fig. 2 . At high gas velocities, this transition is governed by the maximum packing of bubbles to give coalescence. Scott and Kouba 7 concluded that this occurs at a void fraction of 0.76, giving the transition for no-slip dispersed bubble flow as Transition to Annular Flow. The transition criterion for annular flow is based on the gas-phase velocity required to prevent the entrained liquid droplets from falling back into the gas stream. This gives the transition as (6) shown as Transition D in Fig. 2 .
Barnea 5 modified the same transition by considering the effects of film thickness on the transition. One effect is that a thick liquid film bridged the gas core at high liquid rates. The other effect is instability of the liquid film, which causes downward flow of the film at low liquid rates. The bridging mechanism is governed by the minimum liquid holdup required to form a liquid slug: (7) where HLF is the fraction of pipe cross section occupied by the liquid film, assuming no entrainment in the core. The mechanism of film instability can be expressed in terms of the modified Lockhart and Martinelli parameters, XM and YM, 100 The minimum dimensionless film thickness is then determined iteratively from
A good initial guess is Q.min =0.25.
Flow-Behavior Prediction
After the flow patterns are predicted, the next step is to develop physical models for the flow behavior in each flow pattern. This step resulted in separate models for bubble, slug, and annular flow. (17) and (19) For bubble flow, the slippage is considered by taking into account the bubble-rise velocity relative to the mixture velocity. By assuming a turbulent velocity profile for the mixture with the rising bubble concentrated more at the center than along the pipe wall, we can express the slippage velocity as (20) Harmathy6 gave an expression for bubble-rise velocity (Eq. 3). To account for the effect of bubble swarm, Zuber and Hench 9 modified this expression: where the value of n' varies from one study to another. In the present study, n'=0.5 was used to give the best results. Thus, Eq. 20 yields v. For a fully developed slug unit (Fig. 3a) , the overall gas and liquid mass balances give The Taylor bubble-rise velocity is equal to the centerline velocity plus the Taylor bubble-rise velocity in a stagnant liquid column; i.e., In calculating pressure gradients, we consider the effect of varying film thickness and neglect the effect of friction along the Taylor bubble.
For 
. (66) LS
For the pressure gradient due to acceleration, the velocity in the film must be considered. The liquid in the slug experiences deceleration as its upward velocity of VLLS changes to a downward velocity of VLTB. The same liquid also experiences acceleration when it exits from the film with a velocity VLTB into an upward moving liquid slug of velocity VLLS. If the two changes in the liquid velocity occur within the same slug unit, then no net pressure drop due to acceleration exists over that slug unit. This happens when the slug flow is stable. The correlation used for slug length is based on its stable length, so the possibility of a net pressure drop due to acceleration does not exist. Therefore, no acceleration component of pressure gradient is considered over a slug unit.
Annular Flow Model.
A discussion on the hydrodynamics of annular flow was presented by Wallis.J7 Along with this, Wallis also presented the classic correlations for entrainment and interfacial friction as a function of film thickness. Later, Hewitt and Hall-Taylor l8 gave a detailed analysis of the mechanisms involved in an annular flow. All the models that followed later are based on this approach.
A fully developed annular flow is shown in Fig 4. The conservation of momentum applied separately to the core and the film yields The core density, Pc, is a no-slip density because the core is considered a homogeneous mixture of gas and entrained liquid droplets flowing at the same velocity. Thus, The pressure gradient for annular flow can be calculated by substituting the above equations into Eqs. 67 and 68. Thus, 
... (97) 4Q(I--Q)[I-4Q(1--QW 5
The Newton-Raphson method can be incorporated to determine Q, the root of Eq. 96. Thus, The total pressure gradient can then be obtained from either Eq. 94 or 95 because the pressure gradient in the film and core must be the same. Thus, ing from the exchange of liquid droplets between the core and the film is negligible.
Evaluation
The evaluation of the comprehensive model is carried out by comparing the pressure drop from the model with the measured data in the updated TUFFP well data bank that comprises 1,712 well cases with a wide range of data, as given in Table 1 . The performance of the model is also compared with that of six correlations and another mechanistic model that are commonly used in the petroleum industry.
Criteria for Comparison with Data
The evaluation of the model using the data bank is based on the following statistical parameters. 
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The minimum and maximum possible values for Frp are 0 and 6, indicating the best and worst performances, respectively.
The evaluation of the model in terms of Frp is given in Table 2, with the best value for each column being boldfaced.
Overall Evaluation. The ov~rall evaluation involves the entire comprehensive model so as to study the combined performance of all the independent flow pattern behavior models together. The evaluation is first performed by using the entire data bank, resulting in Col. I of Table 2 . Model performance is also checked for vertical well cases only, resulting in Col. 2 of Table 2 , and for deviated well cases only, resulting in Col. 3 of Table 2 . To make the comparison unbiased with respect to the correlations, a second database was created that excluded 331 sets of data from the Hagedorn and Brown study. For this reduced data bank, the results for all vertical well cases are shown in Col. 4 of Table 2 , and the results for combined vertical and deviated well cases are shown in Col. 5 of Table 2 .
Evaluation ofIndividual Flow Pattern Models. The performance of individual flow pattern models is based on sets of data that are dominant in one particular flow pattern, as predicted by the transitions described earlier.
For the bubble flow model, well cases with bubble flow existing for more than 75% of the well length are considered in order to have an adequate number of cases. These results are shown in Col. 6 of Table 2 . Cols. 7 through 10 of Table 2 give results for well cases predicted to have slug flow exist for 100% of the well length. The cases used for Col. 7 and 8 were selected from the entire data bank, whereas the cases used for Cols. 9 and 10 and 11 were selected from the reduced data bank that eliminated the Hagedorn and Brown data, which is one-third of all the vertical well cases. Finally, Col. 11 of Table 2 gives results for those cases in the total data bank that were predicted to be in annular flow for 100% of the well length.
Complete performance results of each model or correlation against individual statistical parameters (E1, E6) are given in the supplement to this paper. 40 
Conclusions
From Cols. 1 through 11 of Table 2 , the performance ofthe model and other empirical correlations indicates the following.
1. The overall performance of the comprehensive model is superior to all other methods considered. However, the overall performances of the Hagedorn and Brown, Aziz et ai., Duns and Ros, and Hasan and Kabir models are comparable to that of the model. For the last three, this can be attributed to the use of flow mechanisms in these methods. The excellent performance of the Hagedorn and Brown correlation can be explained only by the extensive data used in its development and modifications made to the correlation. In fact, when the data without Hagedorn and Brown well cases are considered, the model performed the best (Cols. 4 and 5).
2. Although the Hagedorn and Brown correlation performed better than the other correlations and models for deviated wells, none of the methods gave satisfactory results (Col. 3).
3. Only 29 well cases were found with over 75% of the well length predicted to be in bubble flow. The model performed second best to the Hasan and Kabir mechanistic model for bubble flow (Col. 6).
4. The performance of the slug flow model is exceeded by the Hagedorn and Brown correlation when the Hagedorn and Brown data are included in the data bank (Cols. 7 and 8). The model performed best when Hagedorn and Brown data are not included for all well cases and all vertical well cases (Cols. 9 and 10).
5. The performance of the annular flow models is significantly better than all other methods (Col. 11). 150 6. Several variables in the mechanistic model, such as bubble rise velocities and film thickness, are dependent on pipe inclination angle. Modifications to include inclination angle effects on these variables should further improve model performance. 
